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Cu2Zn1-xMnxSnS4 thin films were deposited onto glass substrates by spray pyrolysis 

method. They were characterized by X-ray diffraction (XRD), energy dispersive X-ray 

spectroscopy (EDS) and UV-Visible spectroscopy and the four point probe techniques in 

order to study the effect of Mn on structural, optical and electrical properties of the 

samples. Definite x variable like ratio [Mn]/([Zn] + [Mn]) has been taken equal to 0, 0.2, 

0.4, 0.6, 0.8 and 1. XRD and EDS analysis revealed the substitution of Mn in Zn sites. 

Cu2MnSn3S8 compound has appeared as a secondary phase in the films deposited with  

x ≥  0.6. Optical band gap of the films increased from 1.34 to 1.68 eV with the increasing 

x value in the films deposited with (0.4 ≤ x ≤ 1). The resistivity decreases from 1.89 to 

0.36 × 10
-2 

Ω.cm as a result of Sn amount in the film.  
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1. Introduction 

 

Solar cells based on Cu(In,Ga)Se2 and CdTe absorber layers have attained an efficiency of 

21.1% [1] and 18% [2], respectively. Nevertheless, there are issues encountered with these 

absorbing materials, such as the scarcity of In, Ga and Te and the toxicity of Cd. This drawback 

may limit the mass production of solar cells based on these materials. These problems have 

stimulated the research for an alternative absorber layer that can be prepared with abundant and 

environmentally friendly materials. In this context, during the past several years, quaternary 

semiconductor Cu2ZnSnS4 (CZTS) has attracted great attention as one of the most promising 

absorber layers in solar cells because the zinc and tin elements are more safety, abundant and 

cheap than indium and gallium constituents of CIGS [3]. Furthermore, CZTS compound has two 

advantages for efficient solar cells. First, its direct band gap is about 1.5 eV and second its 

absorption coefficient is over than 10
4 

cm
-1 

in the visible light region [4,5]. These fundamental 

properties promote CZTS to be a good alternative material for photovoltaic conversion. This 

material can be prepared by a variety of techniques such as electrodeposition [6], co-evaporation 

[7,8], pulsed laser deposition [9], sputtering [10,11], sol-gel [12,13], spray pyrolysis [14-17], etc... 

During the last decade, in order to enhance the quality of CZTS absorber layer, some of 

other metals were used as substituting or adding to the zinc leading to development of a new 

semiconductors as Cu2XSnS4 (X = Fe, Mn, Co and Ni). These compounds have been also reported 

as interesting materials for absorber thin films in solar cells due to their structural and optical 

properties similar to those of CZTS [18,19]. The results reported by the last authors concerning the 

substitution of Zn by Mn fabricating Cu2MnSnS4 (CMTS) absorber material for solar cells show 

that the material obtained is an excellent candidate for absorber materials owing to its suitable 

direct band gap with a high absorption coefficient. Also, it is well known that the Mn is more 

abundant in earth comparing to Zn [3]. Moreover, the cation disorder formed by CuZn and ZnCu 

anti-site defects can limits the performance in CZTS based solar cells [20], the substitution of Zn
2+
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cation by another cation with larger size can reduce the cations disorder in CZTS [21]. Therefore, 

in addition to the more abundance of Mn than Zn, the radius of Mn (rMn
2+ 

= 0.80 Å) is relatively 

high than that of Zn (rZn
2+ 

= 0.74 Å) [22,23] and that can lead to reduce cations disorder in CMTS 

compared to those in CZTS. This transition between the two semiconductors by replace Zn atoms 

by Mn has motivated authors to investigate the optical and structural properties of Cu2MnSnS4 

compound and its efficiency in photovoltaic conversion [19,24,25]. Despite that Cu2MnSnS4 

compound has promising properties to be a good absorber in thin film solar cells, some 

experimental studies have been reported about its optical and structural properties. Cui et al. [19] 

and Prabhakar et al. [24] have reported a band gap value of 1.28 eV for CMTS material 

synthetized by solvothermal method and 1.6 eV for the same material deposited using spray 

pyrolysis technique [24]. The band gap of Cu2MnSnS4 is still under discussion. 

Recently, Chen et al. [26] and Guan et al. [27] have synthesized Cu2(Zn1-xMnx)SnS4 thin 

films by sol-gel method (x = 0; 0.3; 0.7 and 1) and reported a linear decrease in the optical band 

gap of the films with increasing Mn content. The variations of the band gap were ranged 

respectively from 1.51 eV to 1.23 eV and from 1.48 to 1.18 eV. Although, the synthesis of 

Cu2Zn0.1Mn0.9SnS4 material has been firstly reported by McCabe et al. [28], but their study has 

been confined only to the investigation of the magnetic properties. To our knowledge, there are 

only the two cited reports of Cu2(Zn1-xMnx)SnS4 thin films across the entire composition range      

( 0 ≤ x ≤ 1)  , and no one has reported the preparation of Cu2(Zn1-xMnx)SnS4 (0 ≤ x ≤ 1) thin films 

by spray pyrolysis method. In this work, the preparation of Cu2(Zn1-xMnx)SnS4 (0 ≤ x ≤ 1) thin 

films by spray pyrolysis using a commercial nebulizer to investigate the effect of x ratio on the 

structural, optical and electrical properties in Cu2(Zn1-xMnx)SnS4 thin films was reported. 

 

 
2. Experimental details 
 

Copper(II) chloride dihydrate (CuCl2.2H2O), zinc acetate dihydrate (C4H6O4Zn . 2H2O), 

manganese(II) chloride tetrahydrate (MnCl2.4H2O), tin chloride dihydrate (SnCl2.2H2O) and 

thiouria (SC(NH2)2) were used as chemical sources of different elements of prepared                

Cu2(Zn1-xMnx)SnS4 films (Cu, Zn, Mn, Sn and S respectively). In order to deposit Cu2ZnSnS4, we 

have dissolved in 50 ml of distilled water the precursors by stirring: 2×10
-3 

mol of CuCl2.2H2O,     

1×10
-3

 mol of C4H6O4Zn.2H2O, 1×10
-3

mol of SnCl2.2H2O and 12×10
-3

mol of thiourea (SC(NH2)2). 

Particularly, to deposit Cu2MnSnS4 sample, the same amount (1×10
-3

mol) of C4H6O4Zn.2H2O was 

replaced by MnCl2.4H2O. To deposit Cu2(Zn1-xMnx)SnS4 films (0 < x < 1), the mole ratios             

x = Mn/(Zn+Mn) in the solution were adjusted according to the desired x value as x = 0.2, 0.4, 0.6 

and 0.8. The excess of thiouria in the solutions was used to compensate the loss of sulfur during 

spraying and the exo-diffusion during the growth of films at high temperature of substrate [29]. To 

facilitate the salts dissolving, a few drops of hydrofluoric acid (HF) were added in the solutions. 

Afterwards, each solution containing precursor elements was sprayed onto glass substrates (SLG) 

using a commercial nebulizer with a flow rate of 0.5 ml/min. The substrate temperature and the 

spraying duration were fixed at 350°C and 60 min respectively. Before deposition, glass substrates 

were well cleaned by acetone then ethanol and finally by distilled water in an ultrasonic bath. 

The chemical composition of the films was examined using scanning electron microscope 

(SEM) equipped with dispersive X-ray analyzer (EDS). The crystal structures of the samples were 

obtained using Philips X’Pert diffractometer with Cu Kα radiation (λ = 1.5406 Å). Optical 

transmission and the reflectance in the UV–Visible range (200 – 1100 nm) were recorded by      

UV-1900 Shimadzu spectrophotometer. The thickness of the films was determined using KLA 

TENCORD-500 profilometer. The electrical resistivity of the films was measured by four-points 

method using LOCAS LABS model 2400 instrument.  
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3. Results and discussion 
 

Typical EDS spectra of Cu2(Zn1-xMnx)SnS4 films is reported in Fig. 1. The compositional 

ratios of elements determined from EDS analysis are shown in Table 1. As we can see; all films 

containing Mn have a Cu-poor and Sn-rich composition, except the CZTS film, which has a 

composition nearly stoichiometric. F. Aslan. et al. [30] have observed that with the increasing of 

PH values, the copper composition increases and tin composition decreases in dip-coated CZTS 

films. The same results have been reported by R. Sani et al. [31] in electrodeposited CZTS films. 

However, the Cu-poor and Sn-rich composition in our films (0.2 ≤ x ≤ 1) can be due to the low 

value of PH in the spraying solutions which can be caused by the dots of hydrofluoric acid (HF) 

added in the solution contains precursors as mentioned in the experimental details. It is reported 

that Cu-poor conditions should optimize CZTS solar cell performance [32], while the Sn-rich 

composition should be avoided to minimize formation of SnCu and SnZn anti-sites defects which 

can lead to limit the efficiency in CZTS solar cell [21]. Therefore, an efficiency higher than 11% 

in CZTSSe based solar cell have been reached with Cu/(Zn+Sn) <1 and Zn/Sn > 1 [33,34]. All 

films have a slight S-poor composition and it is maybe referred to the volatility of the sulfur [35]. 

As shown in Table 1; the value of x = [Mn]/([Mn]+[Zn]) in our deposited Cu2(Zn1-xMnx)SnS4 films 

is very closed to the precursor values of x in the spraying solution, indicating  the substitution of  

Mn by Zn atoms. Fig. 2 shows the SEM images of CZTS (x = 0) and CMTS (x = 1) films. The 

films are composed with great numbers of small grains attached to each other. The surface 

morphology of the CMTS film shows smaller grains with a rough compact surface compared to 

that of CZTS one. The relatively small grain size appearing in the surface of films can be due to 

the lack of annealing treatment of the samples at higher temperatures than 350 °C. Many authors 

have reported an improvement of the crystallinity with the thermal treatment in spray deposited 

CZTS films [36-38]. 

 

 
 

Fig. 1. EDX spectra of Cu2(Zn1-xMnx)SnS4 films. 

 

 

 

 

 

x = 0 
x  = 0.2 x = 0.4 

x = 0.6 x = 0.8 x = 1 
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Table 1. Chemical composition of Cu2(Zn1-xMnx)SnS4 films. 

 

x=[Mn]/([Mn]+[Zn]) 

in precursor 

 x=[Mn]/([Mn]+[Zn]) 

   in films 

Chemical composition (at.%) 

    Cu               Zn          Mn          Sn            S 

0.0    0.00     25.44          12.97      0.00         14.33       47.26 

0.2    0.23     20.14          10.53      3.14         18.55       47.64 

0.4    0.41     19.94          8.04        5.62         19.31       47.09 

0.6    0.66     19.82          4.30        8.49         19.88       47.51 

0.8    0.83     20.14          2.20        11.35       19.03       47.26 

1.0    1.00     20.22          0.00        13.10        19.35      47.33 

 

   
 

Fig. 2. SEM images of CZTS (x = 0) and CMTS (x = 1) thin films. 

 

 

The XRD patterns of Cu2(Zn1-xMnx)SnS4 films synthesized with various mole ratios x = 0; 

0.2; 0.4; 0.6; 0.8 and 1 are shown in Fig. 3(a). The major diffraction peaks are indexed as 

corresponding to the (112), (220) and (312) planes of kesterite structure of CZTS (x = 0) and 

stannite structure of CMTS (x = 1) with (112) as preferential orientation; which are consistent with 

JCPDS 26-0575 (CZTS) and JCPDS 51-0757 (CMTS) respectively. As observed in the samples 

synthetized with x = 0.6, 0.8 and 1, four peaks were detected at 2θ = 14.8°, 34.5°, 45.25° and 

49.54° which probably attributed respectively to the reflections of (111), (400), (333) and (440) 

planes of Cu2MnSn3S8  phase (JCPDS 51-066). This latter was observed and characterized firstly 

by Lavela et al. [39]. More recently, Rudisch et al. [40] have deposited Cu2MnSnS4 films by 

reactive co-sputtering method, the formation of Cu2MnSn3S8 compound has been observed as 

secondary phase in all their films deposited with Sn-rich composition, thus the presence of 

Cu2MnSn3S8 as secondary phase in our films is in good agreement with the significant amount of 

Sn reported in Table 2. The formation of the compound Cu2MnSn3S8 is more probable than the 

formation of Cu2ZnSn3S8. It is due in the fact that the formation energy of Cu2MnSn3S8 compound 

from the binary systems (Cu2S+MnS+3SnS2→Cu2MnSn3S8) is lower than that of Cu2ZnSn3S8 from 

the binary systems (Cu2S+ZnS+3SnS2→Cu2ZnSn3S8) [40] and that explains why the Cu2ZnSn3S8 

compound has been not observed in the films with Mn-poor (x < 0.6). In addition, in the samples 

deposited with x = 0.4 and 0.8 a weak peak at 26.76° was observed which can be attributed to the 

reflections of (112) planes of orthorhombic SnS phase (JCPDS 75-2183) [41]. It has been reported 

that Sn-rich composition in CZTS can lead to the appearance of SnS as secondary phase [42]. 

Fig. 3(b) shows a large view of (112) peaks. As observed, the peaks are shifted to the 

lower angles with the increasing of x value, which is attributed to the extension of the lattice 

parameters due to the relatively larger radius of Mn atoms (rMn
2+

= 0.80 Å) than that of Zn atoms 

(rZn
2+

= 0.72 Å) [22, 23]. The lattice constants (a, c) were deduced from XRD data by exploiting the 

two peaks (220) and (112), using the relation [43]: 

 

CZTS CMTS 
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1

𝑑2 =
ℎ2+𝑘2

𝑎2 +
𝑙2

𝑐2                (  𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
)                                           (1) 

 

 

As observed in Table 2, with the increasing of x value, the calculated lattice constants (a, 

c) increase from a = 5.382, c = 10.781 at x = 0 (CZTS) to a = 5.44, c = 10.966 Å at x = 1 (CMTS) 

and indicates the substitution of Mn atoms in Zn sites. The increase of the lattice parameter in 

Cu2(Zn1-xMnx)SnS4 films with the increasing of x value has been also observed by Chen et al. [26]. 

The crystalline size D of the films has been determined from (112) peak using Debye 

Scherrer’s formula [15].  

 

𝐷 =
0.94 𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                       (2)  

 

where 𝜆 is the wavelength of the Cu Kα line, β the FWHM of characteristic peak and θ the Bragg’s 

angle. The average crystallite size obtained in all films deposited with various x values are ranged 

in (7.19 - 7.78 nm). 
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Fig. 3. XRD diffraction patterns of Cu2(Zn1-xMnx)SnS4 thin films(a)  

and (b) large view of (112) peaks. 

 

 

 

Table. 2. Structural characteristics of Cu2(Zn1-xMnx)SnS4 films. 

 

x  Position Pick 

(112) (2θ°) 

FWHM Particle size 

(nm) 

dhkl (112)     

(Å) 

Lattice constants 

(a,c)    (Å) 

0.0  28.68 1.19 7.19 3.109 a=5.382 

c=10.781 

0.2  28.59 1.19 7.19 3.118 a=5.390 

c=10.843 

0.4    28.51 1.14 7.51 3.129 a=5.403 

c=10.906 

0.6   28.48 1.10 7.78 3.131 a=5.413 

c=10.887 

0.8   28.41 1.10 7.78 3.139 a=5.427 

c=10.913 

1.0 28.32 1.10 7.78 3.149 a=5.440 

c=10.966 

 

 



54 

 

In Fig. 4, the optical transmittance and the reflectance spectra in the range (200 - 1100 nm) 

of the films deposited with different x values are reported. All films have a transmittance lower 

than 10% in the visible range (400 - 800 nm). In addition, the films have a reflectance lower than 

2% in the visible range. These two optical properties indicate the high absorbance of our    

Cu2(Zn1-xMnx)SnS4 films in the visible range where it is close to 90%. The optical band gaps of 

Cu2(Zn1-xMnx)SnS4 films were estimated according to Tauc plot [44] by extrapolating the linear 

part of (αhυ)
2
 plot and determining the intercept with the hυ axis (Fig. 5). α (cm

- 1
) is the 

absorption coefficient and hυ (eV) the photon energy. The estimated band gaps Eg of all films 

(Table 3) are in the range (1.34 - 1.68 eV). As reported in this table, in the films deposited with    

(x ≤ 0.4) the band gap estimated to 1.34 eV has been not changed with the increasing of x values. 

Then, for the ratios (x ≥ 0.6) the band gap has been increased gradually with the values 1.41; 1.49 

and 1.68 eV corresponding to the x values as 0.6; 0.8 and 1 respectively. All these values of the 

band gaps are appropriate for photovoltaic applications. We can conclude that the substitution of 

Zn by Mn can control the band gap of Cu2(Zn1-xMnx)SnS4 absorber films. The estimated energy 

band gap of the CZTS (x = 0) is in agreement with that reported by A. Sagna et al. [45], otherwise 

it is less than the most values reported in the literature (1.45-1.5 eV). They have synthetized CZTS 

thin films using Close-Space Vapor Transport (CSVT) and have reported a band gap of 1.34 eV 

for the sample obtained with (Cu/Zn+Sn) = 0.88, which is close to the ratio (Cu/Zn+Sn = 0.93) in 

our CZTS film as reported in Table 3. According to Sagna et al. [45], this relatively narrow band 

gap is probably attributed to the presence of high concentration of defects in the thin film such as 

CuZn + ZnCu and 2CuZn + SnZn defects. Moreover, the optical band gap estimated of CMTS (x = 1) 

is higher than those reported in the references [19, 26, 27]. Chen et al. [26] and Guan et al. [27] 

have reported that the optical band gap of Cu2(Zn1-xMnx)SnS4 films increases with the increasing 

of Mn content. However, the enlargement in the band gap in this study with the increasing of Mn 

content might be caused by the formation of Cu2MnSn3S8 as secondary phase. It’s clear that the 

band gap has begun to increase at x = 0.6 which coincided with the appearance of Cu2MnSn3S8 

phase. At our knowledge, there is no experimental band gap of Cu2MnSn3S8 compound was 

reported in the literature.  

 

100 200 300 400 500 600 700 800 900 1000 1100

0

5

10

15

20

25

30

35

40  x=0

 x=0,2

 x=0,4

 x=0,6

 x=0,8

 x=1

T
r
a

n
sm

it
a

n
c
e
 (

%
)

wavelength (nm)         

100 200 300 400 500 600 700 800 900 1000 1100

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 x=0

 x=0.2

 x=0.4

 x=0.6

 x=0.8

 x=1

R
e
fl

e
c
ta

n
c
e
(%

)

wavelength(nm)  
a)                                                                                      b) 

 

Fig. 4. Optical spectra of Cu2(Zn1-xMnx)SnS4 films at x various values  

 (a): Transmittance spectra; (b): Reflectance spectra.  
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Fig. 5. Plot of variation of the (αhυ)
2 
as a function of photon energy hυ used 

 for optical gap estimation. 

 

 

The electrical resistivity of the Cu2(Zn1-xMnx)SnS4 films was measured using four-points 

method at room temperature. The measured resistivity of the films deposited with various x values 

accompanied with the corresponding Cu/(Zn+Mn+Sn) and (Zn+Mn)/Sn ratios are reported on 

Table 3.  As it is shown in this Table, a sharp decrease by two order in the resistivity of the films 

from 1.89 Ω.cm at (x = 0) to 7.27×10
-2

 Ω.cm at (x = 0.2). This significant decreasing in the 

resistivity has been coincided with a sharp decreasing in (Zn+Mn)/Sn ratio ratios from 0.90 at      

(x = 0) to 0.74 at (x = 0.2), corresponding to a sharp decreasing in Cu/(Zn+Mn+Sn) ratio from 

0.93 at  to 0.62. Then, in the range (x > 0.2) the resistivity of the films is ranged in (0.364×10
-2

- 

2.87×10
-2

 Ω.cm) and it has been slightly dependent of (x) value. Therefore, the resistivity is 

predominantly influenced by the amounts of copper and tin in these films and has been not 

affected by the x value (namely the substitution of Zn atoms by Mn atoms). The relatively low 

resistivity in the samples deposited with (x ≥ 0.2) comparing with CZTS (x = 0) sample can be due 

to their relatively high Sn-rich composition ~ 18 %. Comparatively, Tanaka et al. [46] have 

studied the influence of the composition elements ratios on the electrical resistivity in CZTS films, 

the resistivity in their films prepared with Sn-rich composition was relatively lower than those 

prepared with Cu and Sn-poor. The obtained values of the resistivity in CZTS (x = 0) and CMTS 

(x = 1) films are in agreement with previous works in the literature [45,47]. 

 
Table 3. Electrical resistivity of Cu2(Zn1-xMnx)SnS4 films. 

 

x Cu/(Zn+Mn+Sn) (Zn+Mn)/Sn Thickness 

(µm) 

Optical band gap  

(eV)  

Resistivity  

(×10
-2 

Ω.cm) 

0.0 0.93 0.90 1.06 1.34 189.3 

0.2 0.62 0.74 1.15 1.34 1.271  

0.4 0.60 0.71 0.89 1.34 0.873 

0.6 0.60 0.64 1.22 1.41 2.87 

0.8 0.62 0.71 0.97 1.49 1.472 

1.0 0.61 0.65 1.02 1.68 0.364 
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3. Conclusion 
 

Cu2(Zn1-xMnx)SnS4 thin films were deposited on glass substrates by a spray pyrolysis 

technique using a commercial nebulizer. The effect of x ratio (i.e: Mn content) on structural, 

optical and electrical properties of Cu2(Zn1- xMnx)SnS4 films has been investigated. XRD analysis 

showed that kesterite structure of CZTS and stannite structure of CMTS were formed.  

The combination of XRD and EDS analysis reveal the substitution of Mn in Zn sites. 

Cu2MnSn3S8 compound appears as a secondary phase in the films deposited with (0.6 ≤ x ≤ 1), the 

optical band gap of the films increases from 1.34 eV to 1.68 eV with the increasing of x from 0.4 

value. The film deposited with x = 0 (CZTS) has a resistivity of 1.893 Ω.cm, while the films 

deposited with (0.2 ≤ x ≤ 1) have a resistivity ranged in (0.364 × 10
-2

- 2.87 × 10
-2

 Ω.cm). 
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